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FISH analysis on spontaneously arising
micronuclei in the ICF syndrome
M Stacey, M S Bennett, M Hulten
Abstract
The ICF syndrome is a rare disorder where
patients show undercondensation of the
heterochromatic blocks of chromosomes
1, 9, and 16 along with variable immuno-
deficiency. The undercondensation of the
heterochromatic block appears to be re-
stricted to a portion ofPHA stimulated T
cells. Patients with this syndrome also
show an increase in micronuclei forma-
tion. We have used dual colour FISH to
investigate the chromosomal content of
these micronuclei in PHA stimulated peri-
pheral blood cultures, an EBV trans-
formed B cell line, and also micronuclei
observed in vivo from peripheral blood
smears.
Chromosome 1 appears to be present in
a higher proportion of micronuclei com-
pared to chromosomes 9 and 16 in both
a PHA stimulated culture and an EBV
transformed cell line. An 18 centromeric
probe, not associated with the ICF syn-
drome, showed no signal in any of the
micronuclei observed.
The implications from these observa-
tions are that the heterochromatic in-
stability in the ICF syndrome is manifested
not only in T but also in B cells and that
it is present in vivo.
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The phenomenon of micronuclei formation has
been widely used to detect the genotoxic effects
of environmental mutagens' and infectious
agents,2 although high spontaneous levels are
also known to exist in patients with chro-
mosome breakage disorders.34 Their presence
is generally taken as evidence of the occurrence
of chromosome fragments, spindle failure, lag-
ging chromosomes, or a failure of a chro-
mosome to align on the spindle.' Micronuclei
are therefore thought to be present in cells that
have undergone at least one nuclear division
after the induction of chromosome damage.6
Although the content ofmicronuclei has pre-
viously been investigated (for example, anti-
kinetochore antibodies4 7), only limited in-
formation is available on their content and
ultrastructure. It is only with the recent advent
of fluorescence in situ hybridisation (FISH),
which enables a more precise investigation of
the DNA content of micronuclei,-'0 that a
more thorough analysis is possible.
Our interest in investigating micronuclei fol-
lows the observation that patients with the
ICF syndrome (Immunodeficiency, Centro-
meric instability, and Facial anomalies) show
an increase in the formation of micronuclei,"'-13
as do other chromosome breakage disorders.34
The ICF syndrome is an extremely rare dis-
order, with only approximately 14 cases re-
ported worldwide.'3
It has previously been reported that the chro-
matin instability in the ICF syndrome is present
primarily on chromosome 1, and to a lesser
extent on chromosomes 16 and 9, and appears
as a decondensation of the heterochromatic
regions of these chromosomes resulting in a
"stretching" of the chromosomes at these re-
gions.'4-'7 Multibranched forms of both chro-
mosomes 1 and 16 have also been observed. 14-20
Stretching and branching of these chro-
mosomes is normally seen only in PHA stimu-
lated T lymphocytes, is rarely seen in any other
cell type,2' and may involve abnormal methyl-
ation of classical satellite DNA2122 as a con-
tributing factor.
The observation of chromosome 1 ab-
normalities in ICF patients led us to speculate
that the increased formation of micronuclei in
these patients may be because of this chro-
mosome lagging in the cell cycle and therefore
becoming excluded as a micronucleus.
We have used an extension of "interphase
cytogenetics" to investigate the chromosomal
content of micronuclei in ICF patients. Probes
for the classical heterochromatic regions of
chromosomes 1 and 16, and an alpha satellite
probe for chromosome 9 are used to show
involvement of the abnormal chromosomes
specific to this syndrome with the high in-
cidence of micronuclei observed. By using a
technique developed in this laboratory,23 direct
observations on the content of micronuclei in
vivo were also made.
Materials and methods
PATIENTS
Patients ICFMB and ICFCC were referred for
cytogenetic analysis following the diagnosis of
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variable immunodeficiency. A blood sample
from ICFCU was kindly donated by Dr A
Tukun (Department of Medical Biology, Uni-
versity of Ankara, Turkey).
CELL PREPARATION
Triplicate cultures of PHA stimulated peri-
pheral blood from patient ICFMB and five
controls were established following standard
protocols. Briefly, 0-2 ml of whole peripheral
blood was incubated in 5 ml of RPMI medium
supplemented with 10% FCS and PHA. Cul-
tures were grown for a total of 48 hours, with
colcemid added only for the final 15 minutes.
Cells were treated with 0-075 mol/l KCI for 10
minutes, before fixation in 3:1 methanol/acetic
acid. The cell suspensions were dropped onto
clean slides and the area marked before storing
at -20°C. Triplicate cultures were also es-
tablished using pokeweed mitogen to stimulate
B cell division in both patient 1 and controls.
Peripheral blood smears: 5 gil of whole peri-
pheral blood from a second patient (ICFCU)
and five controls were smeared along the length
ofclean microscope slides. Slides were air dried,
fixed in 3:1 methanol/acetic acid, and stored
at -200C.
An Epstein Barr virus (EBV) transformed
lymphoblastoid cell line (LCL) of a further
patient (ICFMK) was kindly donated by Dr
P Kieback."4 Control LCLs established from
normal subjects were donated by DrM Taylor,
Institute ofCancer Research, Birmingham Uni-
versity. Colcemid was added to actively growing
cultures for five minutes before treating with
0075 mol/I KCI for 10 minutes. Cells were
fixed in 3:1 methanol/acetic acid before drop-
ping onto clean slides.
ANALYSIS OF MICRONUCLEI
The methods used to examine micronuclei are
essentially those described by Sternes and Vig5
and Heddle et al.25 Randomly selected cultured
interphase cells were scored for associated mi-
cronuclei. Blood smears yielded relatively few
cells so all associated micronuclei were noted
from the material available. Micronuclei were
scored as being no larger than one third the
diameter of the distinct main nucleus.6
DNA PROBES
Probes for the heterochromatic regions of chro-
mosomes 1 (pUC 1.77),26 16 (pHUR195),"7
and the chromosome 9 specific alphoid probe
pMR9A28 were used to identify these regions
by FISH. Specific heterochromatic inserts were
labelled by PCR using universal Ml 3 primers
after optimal PCR conditions were established
for each probe; 1 pl of PCR product was then
used in a second PCR reaction in the presence
of fluorescein-12-dUTP (FITC) or hydroxy-
coumarin-6-dUTP (Boehringer Mannheim) to
label the DNA insert directly. A directly labelled
18 centromere specific alphoid probe (Chro-
moprobe 18TM; Cytocell Ltd), not associated
with the ICF syndrome, was used as a control.
FLUORESCENCE IN SITU HYBRIDISATION (FISH)
Slides were denatured through an ethanol series
(70, 85, and 100% ethanol), air dried, and
warmed to 370C. A total of 10 jil of hy-
bridisation fluid (7 p1 50% formamide,
2 x SSC, 10% dextran sulphate solution, 2 ,l
dH2O, 1 p1 labelled PCR product), also pre-
warmed to 370C, was added to the marked
area of the slide and a coverslip placed over
the hybridisation mix to ensure even dis-
tribution. The edges of the coverslip were
sealed with rubber solution to prevent evap-
oration. Denaturation of the probe and cells
was performed simultaneously by placing the
slides on a hot block, preset to 76°C, for five
minutes. Slides were quickly returned to 370C
and incubated in the dark overnight.
Slides were washed through 50% formamide/
2 x SSC (3 x), 2 x SSC (1 x), and 4 x SSC/
0-05% Tween (1 x), all at 45°C, and 4 x SSC/
0 05% Tween (1 x) at room temperature (five
minutes each) before counterstaining with
0-7 ,tg/ml propidium iodide in Vectashield anti-
fade solution (Vector Labs). Hybridisation sig-
nals were observed using a Nikon Labophot-2
fluorescence microscope with filter sets UV2A
(AMCA) and BIA (FITC). Chromoprobe 18TM
was hybridised according to the manufacturer's
protocol.
Results
IN SITU HYBRIDISATIONS ON METAPHASE
CHROMOSOMES
Three hundred and three randomly selected
metaphases from PHA stimulated peripheral
blood lymphocytes were examined for the char-
acteristic "stretching" and "branching" of the
chromosome regions lqh, 9qh, and 16qh in
ICFMB. Of the cells examined, 92 (30%)
showed elongation of the heterochromatic
block of chromosome 1 (fig 1A), with seven
cells (2%) also showing multibranching (fig
1B). Fig 1C shows a multibranched and frag-
mented chromosome 1 within the same meta-
phase. Three cells (1%) showed stretching of
the heterochromatic region of chromosome 16
and one cell showed a multibranched chro-
mosome 16. Although the probe pMR9A de-
tects alphoid sequences, no stretching or
branching of chromosome 9qh was observed
in this patient. No stretching or branching of
the heterochromatic regions ofchromosomes 1,
9, or 16 were observed in five normal controls.
No metaphase spreads were obtained from
any cultures using pokeweed mitogen to stimu-
late B cell division.
Three hundred and sixty two metaphase
chromosomes were also examined in an LCL
from patient ICFMK. No abnormalities in the
heterochromatic regions of chromosomes 1, 9,
or 16 were observed in this patient, or in three
normal control cell lines.
IN SITU HYBRIDISATIONS ON MICRONUCLEI
Peripheral blood cultures
Initial observations on the significantly raised
levels of micronuclei in an ICF patient
(ICFCC) were made some time before this
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Figure 2 Giemsa stained lymphocyte division at
anaphase showing two "lagging" chromosomes (arrowed).
study. From 1000 randomly selected nuclei, 58
micronuclei (5 8%) were observed in ICFCC
compared to 10 (1%) in an age/sex matched
control in 72 hour PHA stimulated blood cul-
tures (X2i=230, p<0-001).
Interestingly, in lymphocytes from the same
patient fixed at anaphase, large metacentric
chromosomes were observed which were "lag-
ging" behind the remaining chromosomes (fig
2). This phenomenon was not observed in
control cultures.
Table 1 summarises the data obtained for
micronuclei examined by FISH from PHA
stimulated peripheral blood cells of a second
ICF patient (ICFMB) and three normal con-
trols. The number of micronuclei (Mn) present
in 1000 observed nuclei is large (2 5%) com-
pared to the three controls examined (0%,
0-2%, and 0% for Con 1, 2, and 3 respectively)
(X21=883, p<O-OOl). Of the 1251 cells ob-
served in ICFMB following FISH, 31 mi-
cronuclei were counted. Forty two percent
(13 Mn) showed a positive signal for the het-
erochromatic region of chromosome 1 (fig 3A)
(including four micronuclei with two hy-
bridisation signals/micronucleus (fig 3B)), 6%
(two Mn) for chromosome 9, and 10% (three
Mn) for 16qh. Forty two percent (13 Mn)
showed no hybridisation signal. Of these mi-
cronuclei showing a hybridisation signal, a sig-
L^ i_nificant proportion contained a signal for 1 qh
(X2 =8-2, p=0 005-0-001) compared to chro-
mosome 9 (X27=2,7, p=0 1) or 16qh (x2,w ~~~~15, p=0 3-0 2).
Figure 1(A) A partial metaphase showing decondensed No signals from chromosomes 1 qh, 9, or
lqh (arrowed) labelled with the chromosome 1 specific 16qh were observed in two micronuclei fromheterochromatic probe pUC 1. 77. (B) A multibranched
chromosome 1 (blue lqh, large arrow) in association with Con 2 (1000 cells examined), or from an extra
16qh (yellow, small arrow). (C) Partial metaphase 10 micronuclei examined in ICFMB using an
showing a multibranched chromosome 1 (large arrow) and 18 centromeric probe. This signal was found
a fragmented chromosome 1 (small arrows). only in the main nucleus.
Table 1 Percentage of micronuclei (No) present in peripheral blood cultures showing Peripheral blood smears
hybridisation signals for chromosomes 1, 9, and 16 Hybridisation signals were also detected in mi-S mpleMicronucleil%ybridisation present n micronuclei from PH stimulated periphera
Sanmple Micronucleil % Hybridisati'on present in micronuclei from PHA stimulated peripheral
1000 cells blood cultures (No of micronuclei)
lqh 9 cen 16qh No signal 18 cen
ICFMB 25 42 (13) 6 (2) 10 (3) 42 (13) 0/10 Mn
Con I 0 0 0 0 0 -
Con 2 2 0 0 0 100 (2) 0
Con 3 0 0 0 0 0
cronuclei from ICFCU. In this case the mi-
cronuclei were observed in peripheral blood
smears, although very few cells were present.
Of 81 cells examined, four micronuclei were
observed, two showing a single signal for lqh
and two for chromosome 9. No micronuclei
were observed in five control blood smears.
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Table 2 Percentage of micronuclei (No) present in EBV transformed lymphoblastoid cell
lines showing hybridisation signals for chromosomes 1, 9, and 16
Sample Micronucleil % Hybridisation present in micronucleifrom EBV transformed B cell
1000 cells lines (No of micronuclei)
lqh 9 cen 16qh No signal 18 cen
ICFMK 36 20 (47) 0 3 (7) 77 (183) 0/50 Mn
Con A 4 0 14 (3) 5 (1) 81 (17) 0/50 Mn
Con B 5 0 0 8 (3) 92 (32) -
Con C 8 5 (2) 0 5 (2) 90 (40) -
Figure 3 (A) Micronucleus with a single hybridisation
signalfor lqh (blue). The main nucleus contains one
signal for lqh (blue) and two signals for 16qh (yellow).
(B) Micronucleus containing two hybridisation signals for
lqh. The main nucleus contains two signals for 16qh
(yellow). (C) A micronucleus from ICFMK showing
hybridisation signals for both lqh (blue) and 16qh
(yellow). The main nucleus also contains two signals each
of lqh and 16qh.
Lymphoblastoid cell lines
Table 2 summarises the data obtained from an
LCL established from patient ICFMK. The
number of micronuclei observed/1000 cells is
high (3 6%) compared to three normal control
lines (0-4%, 05%, and 0-8% for Con A, B,
and C respectively) (X2l= 161, p<000 1). The
number of micronuclei present in all LCLs,
whether ICF or controls, is higher than the
numbers observed in PHA stimulated lym-
phocytes (table 1). However, the number of
micronuclei observed in the LCL ICFMK is
not significantly higher than those in the non-
transformed cells (ICFMB) (X21 = 4-84, p =
0 05-0 02), whereas in the control LCLs there
is a significant increase in the number of mi-
cronuclei compared to non-transformed cells
(X2l=37-76, p<O0OOl).
Of the 6500 cells observed following FISH,
237 micronuclei were counted. Of these mi-
cronuclei, 20% (47 Mn) showed a signal for
chromosome lqh, none showed a signal for
chromosome 9 and 3% (seven Mn) showed a
signal for chromosome 16qh. Seventy seven
percent (183 Mn) showed no hybridisation sig-
nal. Of these micronuclei showing a hy-
bridisation signal, a significant proportion
contained a signal for 1 qh (X21 = 46-7,
p<0001) compared to 16qh (X21=6-7, p=
0-01-0 005) and chromosome 9, which was
significantly under-represented (X2l= 18,
p<0001). As with PHA stimulated blood cul-
tures, micronuclei containing more than one
signal were also observed although, like
ICFMB, the number was low (two Mn, both
showing signals for lqh and 16qh). Fig 3C
shows a micronucleus (from ICFMK) with
signals for both chromosomes 1 qh and 16qh,
even though the main nucleus contains two
signals each for these chromosomes.
In the control cell lines, the majority of mi-
cronuclei contained no signal (81%, 92%, and
90% for Con A, B, and C respectively) (table
2) which was not significantly different from
the numbers observed in the LCL ICFMK
(77%) (X21 =1l30 p=0 3-02). Unlike non-
transformed cells, the three control LCLs
showed a small number of micronuclei with
signals for lqh (Con C 5% (two Mn)), 9 (Con
A 14% (three Mn)), and 16qh (Con A 5%
(one Mn), Con B 8% (three Mn), and Con C
5% (two Mn)).
An 18 centromeric probe gave no signal in
50 extra micronuclei examined in both ICFMK




Metaphases were initially examined from PHA
stimulated cultures to confirm the presence of
the characteristic stretching and branching of
the heterochromatic regions observed in ICF
patients. The levels obtained, although low
compared to others,'6 were consistent with ab-
normalities observed in other ICF patients.'5
Interestingly, a lymphoblastoid B cell line
established from ICFMK24 showed no ab-
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normalities of the heterochromatic regions of
chromosome 1, 9, or 16. Other workers have
found that these abnormalities also occur only
in PHA stimulated cultures compared to
fibroblasts or lymphoblastoid cell lines.2' Un-
fortunately we were unable to make a direct
comparison on different cell types from the
same patient. Stimulation of B cells by poke-
weed mitogen is very inefficient and yielded




The number of micronuclei observed from
PHA stimulated blood cultures from ICFMB
was increased compared to three controls (table
1), and of those micronuclei showing a hy-
bridisation signal a large proportion were spe-
cific for 1 qh, suggesting that micronuclei were
formed from stretched/branched chromosomes
1. An equal proportion of micronuclei also
showed no hybridisation signal, although the
main nuclei did, indicating that the lack of
signal was not a result of non-hybridised areas.
The numbers of micronuclei with signals for
chromosomes 9 or 16 were significantly lower
than those for chromosome 1, but the ab-
normalities observed in metaphases was also
lower. It is possible that the chromosome 9
abnormalities observed in metaphases are ar-
tificially low as the probe used was alphoid
specific and therefore did not detect less ob-
vious decondensations of 9qh. The presence
of chromosome 9 shows that this probe does
detect exclusion of this chromosome into mi-
cronuclei. Signals for chromosomes 9 and 16
were, however, still higher than the number
of micronuclei observed with signals for 18
centromere, suggesting that those chro-
mosomes showing an abnormality in the het-
erochromatic regions are more likely to be
excluded into micronuclei.
Interestingly, a recent paper by Guttenbach
and Schmid29 noted that 5-azacytidine treated
cultures also show an increase in the frequency
of micronuclei, and that these predominantly
contain signals for the heterochromatic
regions of chromosomes 1, 9, 16, 15, and
Y. 5-azacytidine induces characteristic under-
condensation in the late replicating hetero-
chromatic regions30 by hypomethylation of
incorporated cytidine analogues. The same pat-
tern of hypomethylation is also noted in het-
erochromatic DNA from patients with the ICF
syndrome.2' 22 It therefore appears that the het-
erochromatic abnormalities induced by 5-aza-
cytidine (5-Aza) in cultured lymphocytes is an
experimental phenomenon mirrored in specific
chromosomes of ICF patients.
There is a high degree of concurrence be-
tween the results obtained here from ICF
patients, and those obtained in 5-azacytidine
treated lymphocyte cultures by Guttenbach and
Schmid.29 Firstly, an increase in the micronuclei
frequency was obtained (2-5% and 1-5%-2-0%
for ICFMB and 5-Aza cultures respectively)
and, secondly, the number of micronuclei
showing a signal for 1 qh was approximately
40% in both cases. In the 5-Aza treated cultures
more micronuclei were observed with signals
for chromosome 9 (ICFMB 6%, 5-Aza 20%)
and chromosome 16 (ICFMB 10%, 5-Aza
16%) but this may be because 5-azacytidine is
more effective at decondensing the hetero-
chromatic regions of all chromosomes in vitro
compared to the levels observed spontaneously
in ICF metaphases, where chromosome 1 is
predominantly decondensed. Also in agree-
ment with our results is that no signal was
found in micronuclei using examples of probes
not associated with the ICF syndrome (18 cen
here and 11, 17, and X cen in 5-Aza cultures).
The results for ICFMB are also in broad
agreement with those obtained by Maraschio
et al." In two ICF patients observed, a
frequency of 6-7% and 10-3% of cells showed
nuclear anomalies (micronuclei and cell pro-
trusions), although here all nuclear anomalies
contained FISH signals for chromosomes 1
and 16 using the probe pHUR 195. Although
this difference appears large compared to the
values described in ICFMB, this may be be-
cause of a number of reasons, including vari-
ability in both patients and protocol.
It would be of interest to examine the
"empty" micronuclei observed in ICF patients
by chromosome paints for chromosomes 1, 9,
and 16, as experimentally induced de-
condensation of the heterochromatic regions
by 5-azacytidine also causes fragmented chro-
mosomes.30 These are also occasionally seen in
ICF metaphases3' (fig IC).3' A proportion
of micronuclei may contain fragments of
chromosomes 1, 9, or 16 without the hetero-
chromatic regions being present. Chro-
mosomes 15 and Y also contain hetero-
chromatic regions sensitive to the decondensing
effects of 5- azacytidine. A number of empty
micronuclei observed in ICFMB may also pos-
sibly contain these chromosomes. Formation
of micronuclei with decondensed hetero-
chromatic regions suggests that these chro-
mosomes are not in phase with the cell cycle
resulting in their exclusion as micronuclei,32
although there is no reported evidence at
present that decondensed heterochromatin
induced by 5-azacytidine also shows lagging
chromosomes as observed in ICFCC (fig 2).
Also of interest would be the examination of
gene expression near the decondensed het-
erochromatin regions. It is a well known phe-
nomenon that expression of nearby genes is
altered by the change in methylation status
of the heterochromatic regions.33 It could be
envisaged that deregulation of specific genes
owing to hypomethylation may have some bear-
ing on the ICF phenotype. In this respect, a
recent paper by Miniou et aP22 is of interest.
Here they report abnormal methylation pat-
terns in both the inactive X chromosome and
the constitutive heterochromatin in ICF
patients using monoclonal antibodies against
5-methylcytosine, and have shown that genes
normally inactive and methylated on the in-
active X chromosome are hypomethylated in
the ICF syndrome.
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Peripheral blood smears
An important observation from peripheral
blood smears from ICFCU is that the mi-
cronuclei present here also contain signals from
the heterochromatic region of chromosome 1
and the centromere of chromosome 9. Al-
though the number of micronuclei observed
was low, we feel that examination of mi-
cronuclei from peripheral blood smears gives
an accurate representation of the condition in
vivo" and is not therefore the result of culture
conditions.
Lymphoblastoid cell lines
Although there is not a statistically significant
increase in the number of micronuclei present
in the LCL ICFMK compared to the non-
transformed ICFMB, more observations were
possible as the total number of main nuclei
present was increased. No heterochromatic ab-
normalities were observed in metaphases from
the LCL derived from ICFMK, yet para-
doxically, micronuclei present continue to show
an increased involvement of chromosome 1.
This suggests that chromosome 1 is also pref-
erentially segregated into micronuclei in ICF
B cell lines. If the characteristic stretching and
branching observed in T cells is responsible for
the formation of micronuclei, they may well
therefore be present at very low levels in LCLs
and other tissues. One group has reported
stretched heterochromatic regions in fibro-
blasts from an ICF patient,'5 and another has
observed stretched 1 qh in an EBV transformed
cell line.'6 However, these results are con-
sidered to be an exception as these chro-
mosomal abnormalities are almost exclusively
seen in PHA stimulated lymphocytes.2 3435
Mechanisms involved in B cell transformation
may destabilise the cell in such a way that the
formation of micronuclei is increased, as seen
in the control LCLs. Since ICF cells already
appear to "predispose" to the formation of
micronuclei, it is possible that there would
be no significant increase in the number of
micronuclei following EBV transformation,
and that a significant number of micronuclei
retain a signal for lqh. This "predisposition"
to the formation of micronuclei may be slightly
enhanced by the transformation process, re-
sulting in an increase in micronuclei with no
hybridisation signal, similar to the levels ob-
served in control LCLs, yet still retaining the
high levels of micronuclei with a signal for 1 qh,
although now at a relatively low level.
Examination of micronuclei may still give a
clearer picture of the underlying frequency of
heterochromatic abnormalities and indicate
that qh abnormalities in B cells occur at a
higher frequency than otherwise might be ex-
pected from metaphase observations. There
may be an underlying mechanism responsible
for exclusion of chromosomes into micronuclei
which may be manifest at the cytogenetic level
only in specific cell types (for example, T cells),
and not in other different cell lineages. Sabry
and Hulten36 have reported that hetero-
chromatin in T cells decondense more readily
in the presence of low concentrations of 5-
azacytidine compared to B cells36 or skin fibro-
blasts.37 This differential effect between differ-
ent cell types may explain why the number of
micronuclei with a signal for lqh in the LCL
ICFMK is not observed at the cytogenetic level.
Recent advances have now made it possible
to immunophenotype individual cells and thus
identify particular subsets of cells with specific
abnormalities.38 For example, it has been
shown that there is an increased frequency of
micronuclei in B and T8 cells in smokers.39
It would be of interest to determine whether
micronuclei formed in the ICF syndrome occur
only in a particular subset of T or B cells and
how this relates to the observed immuno-
deficiency in these patients.
ICF is a very rare disorder and therefore
it was not possible to investigate all aspects
together in one patient in this study. The ob-
servations here, however, do show the import-
ance of the content of the micronuclei in
relation to the chromosome structure. By in-
vestigating other disorders with an increased
spontaneous frequency of micronuclei, it may
be possible to elucidate problems observed at
the cellular level with their micronuclei content.
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